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I. INTRODUCTION 

A. General 

During the  per iod 1 January through 31 March 1967 r e sea rch  on 

s o l a r  e l e c t r i c  space missions concentrated i n  the  fol lowing a r e a s  

(1)  cont inuing  development of Gordon 1, h e l i o c e n t r i c  op t imiza t ion  

program, and Item, n-body t r a j e c t o r y  program. 

product ion runs on the J u p i t e r  f lyby  s o l a r  e l e c t r i c  mission (2) 

us ing  Gordon 1. 

It is a n t i c i p a t d d  now t h a t  work on t h i s  c o n t r a c t  can be completed 

by 30 September 1967 ins t ead  of 1968 as o r i g i n a l l y  planned, 

B. Personnel 

This  program is  under the o v e r a l l  d i r e c t i o n  of M r .  J .  P. Layton 

f o r  mission a spec t s  and Professor  P. M. Lion f o r  t r a j e c t o r y  a n a l y s i s  a spec t s .  

D r .  C .  N. Gordon of RCA has been wi th  us on a f u l l - t i m e  b a s i s  

d u r i n g  t h i s  per iod .  His e f f o r t s  have been d i r e c t e d  toward the  f u r t h e r  

development and improvement of Gordon 1. He has been a s s i s t e d  i n  t h i s  by 

M r .  A. E .  Mi l l e r .  

M r .  3. H. Campbell of AMA is  cont inuing  t o  adapt  t he  n-body I tem 

f o r  s o l a r  powered spacec ra f t .  

M r s .  A. B. Shulzycki has been respons ib le  f o r  d a t a  runs  f o r  the  

J u p i t e r  f l yby .  This e f f o r t  has provided an e x e r c i s e  of the  Gordon 1 program 

over a range of r e a l i s t i c  parameters. . 

D r .  M. Handelsman who has been wi th  us  on a pa r t - t ime  c o n s u l t i n g  

b a s i s ,  has been concent ra t ing  h i s  e f f o r t s  on the  space communications systems 

cons ide ra t ions  of s o l a r  electric missions,  e s p e c i a l l y  r a d a r  systems f o r  
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d e t e c t i o n  of a s t e r o i d s .  

M r .  G. A. Hazelr igg,  our Ph.D. candida te ,  re turned  from Je t  

Propuls ion  Laboratory on 1 February where he had been d i r e c t  l i a i s o n  on 

s o l a r  e l e c t r i c  missions.  He w i l l  now concen t r a t e  h i s  e f f o r t s  on h i s  t h e s i s  

work i n  powered p l a n e t o c e n t r i c  maneuvers. 

A l i s t  of personnel  c u r r e n t l y  a s soc ia t ed  w i t h  the Program i s  provided 

i n  APPENDIX A. 

C. Pr ince ton  Un ive r s i ty  Computer Center  

A t  p r e s e n t  charges  for the use  of Un ive r s i ty  computers i s  covered 

i n  the  i n d i r e c t  expenses.' The ASMAR Program, which depends heav i ly  upon 

computers, has  g r e a t l y  bene f i t ed  by t h i s  po l icy .  Ab of Ju ly  1, however, 

the  Un ive r s i ty  has  been n o t i f i e d  tha t  i t  w i l l  be r equ i r ed  t o  i n s t i t u t e  d i r e c t  

charg ing  f o r  a l l  computing un le s s  i t  can demonstrate a clear advantage t o  the  

government by r e t e n t i o n  of present  o r  some a l t e r n a t i v e  method. . 

charg ing  would have a g r e a t  e f f e c t  on t h i s  c o n t r a c t .  Since no funds were 

provided s p e c i f i c a l l y  f o r  computing, it w i l l  be necessary  t o  restrict 

product ion runs  which involve la rge  amounts of t i m e .  

Gordon 1 and ITEM, w i l l  cont inue  to be developed t o  provide an  expor t ab le  

c a p a b i l i t y  f o r  s o l a r  e lec t r ic  mission a n a l y s i s .  

D i rec t  

The key programs, 
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11. SPACEFLIGHT TRAJECTORY ANALYSIS 

The emphasis du r ing  t h i s  per iod has been on cont inuing  development 

of Gordon 1 and ITEM programs. 

A. Gordon 1 

Gordon 1 i s  a +two-dimensional h e l i o c e n t r i c  op t imiza t ion  program 

which s e l e c t s  t h r u s t i n g  program, and propuls ion  parameters (VJ power) i n  

o r d e r  t o  maximize payload f o r  a given mission.  The mission must be s p e c i f i e d  

0 

i n  terms of a r r iva l  p l a n e t ,  launch d a t e ,  and t r i p  t i m e .  The program i s  

p r e s e n t l y  i n  working forbm; e f f o r t  by D r .  Gordon i n  t h i s  per iod has been 

d i r e c t e d  toward adding opt ions  which make more r e a l i s t i c  ana lyses  poss ib l e .  

The addi t ions  to the program during the  past  three months inc lude  

(1) Subrout ines  which give launch veh ic l e  performance, ion  engine 

performance and s o l a r  a r r a y  perfornance, The o r i g i n a l  d a t a  w a s  supp l i ed  by 

JPL i n  the  form of curves.  These curves have been matched by func t ions  whose 

parameters were chosen on a l eas t - squa re  b a s i s .  The c u r v e - f i t s  are  shown 

i n  FIGURES 1, 2 ,  and 3 .  The func t ions  chosen r e p r e s e n t  a compromise between 

a low number of terms, given a s i m p l e r  exp res s ion ,  and a l a r g e  number of terms 

g i v i n g  b e t t e r  accuracy. The curve r e p r e s e n t i n g  launch v e h i c l e  performance is  

n o t  s a t i s f a c t o r y  (second d e r i v a t i v e  no t  s u f f i c i e n t l y  smooth) and i s  being 

changed. (The second d e r i v a t i v e  a f f e c t s  the  op t imiza t ion  a lgor i thm.)  Accuracy 

of t h e  curves  i s  w i t h i n  one-half  per c e n t  of the  d a t a  given. The launch 

v e h i c l e  i n  Figure 1 is a n  A t l a s  (SLV3C)/Centaur. 

(2) Addit ion of ephemeris r o u t i n e  which computes the  i n i t i a l  and 

f i n a l  cond i t ions  used i n  the  i t e r a t i o n ,  given t h e  J u l i a n  launch d a t e  and t r i p  

t i m e .  I n  a d d i t i o n ,  a r o u t i n e  i s  being developed which sea rches  the  ephemeris 
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LAUNCH V E H I C L E  PERFORMANCE 

Launch Capability of the Atlos (SLV3C)/Centaur for the period 1973-1977 

R e f :  N A S A , Launch Vehicle Estimating Factors for Generating OSSA Prospectus 1367, November 1966 
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7. 
ELECTROSTATIC (ION) ELECTSIC RDCKET PERFORMANCE 

Electron Bombardment Thruster with Cesium for the Period 1973-1977 

Ref: N A S A (J.l?~4ulIin) Le t te r  Dated January 19, 1967 
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Curve Fit, including First ond Second Derivotlvec,of Overall Power Effiency vs. Effective Jet Velocity 

FIGURE 2 



8. SOLAR ELECTRIC ARRAY PERFORMANCE 

Solor  F lectr ic  Array Technology for the Period 1973 - 1977 

Ref: Toble A - 3  Hughes Report SSD 60374R, December 1966. 
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t ape  f o r  launch conf igu ra t ions  which correspond t o  given boundary cond i t ions .  

This w i l l  enable  us  t o  f i n d  appropr i a t e  launch d a t e s  which correspond t o  

optimum angle  t r a j e c t o r i e s .  

(3) Addition of sweep c a p a b i l i t y  f o r  t he  fo l lowing  parameters:  

launch d a t e ,  t r i p  t i m e ,  i n i t i a l  cond i t ions ,  f i n a l  c o n d i t i o n s ,  j e t  v e l o c i t y ,  

power, i n i t i a l  a c c e l e r a t i o n ,  engine e f f i c i e n c y ,  s p e c i f i c  power, i n i t i a l  

mass, s o l a r  power l a w  and 

o r  a l l  of t hese  parameters can be varied t o  determine payload s e n s i t i v i t y .  

C3 . By s p e c i f y i n g  t h e  increments and range, any 

( 4 )  Addition of op t ions  which a l low propuls ion  parameters ( V J ,  F'MO) 

t o  be he ld  f i x e d  o r  optimized. 

The s t a t u s  of t he  Gordon 1 program can be summarized as follows: 

It is a working program which has  been exe rc i sed  over a c e r t a i n  range of 

r e a l i s t i c  parameters. Considerable programming e f f o r t  is s t i l l  going on t o  

add the f u l l  f l e x i b i l i t y  and comprehensiveness d e s i r e d .  

B. I T E M  

M r .  John Campbell of AMA h a s  been i n  charge of the  P r ince ton  v e r s i o n  

of t h e  I T E M  program. 

of t h e  program f o r  s o l a r  powered veh ic l e s  and convers ion  t o  the  I B M  360 computer. 

The p r i n c i p a l  e f f o r t  has  been d i r e c t e d  toward adap t ion  

A gene ra l  rewrite and cleanup has been s t a r t e d .  The purpose f o r  t h i s  

is t o  o b t a i n  an  i n t e r p l a n e t a r y  t r a j e c t o r y  program which can be used e f f i c i e n t l y  

and f l e x i b l y  w i t h  e x i s t i n g  parameter i t e r a t i o n  and op t imiza t ion  techniques .  

An o u t l i n e  of t hese  changes is as fo l lows:  

(1) Changes t o  increase  f l e x i b i l i t y  

(a) The program has been reduced t o  a sub rou t ine  capable  of 

. 
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i n t e g r a t i n g  a t r a j e c t o r y  segment. A t r a j e c t o r y  of any c o n f i g u r a t i o n  can 

be c r e a t e d  simply by making mul t ip l e  c a l l s  t o  t h e  i n t e g r a t i o n  r o u t i n e .  

(b) The number of p l ane t s  has  been increased  from f o u r  t o  

n i n e .  

( c )  The a b i l i t y  t o  s top  the  t r a j e c t o r y  p r e c i s e l y  on a g iven  

time, f l i g h t  pa th  ang le ,  o r  r a d i u s  magnitude has been included. This a l lows  

more freedom i n  the  s e l e c t i o n  of parameters f o r  i t e r a t i o n  and op t imiza t ion .  

(d) I n  a d d i t i o n  t o  programmed t h r u s t  m o d e s ,  t he  a b i l i t y  t o  

i n t e g r a t e  the  a d j o i n t  equakions has been included. 

(2) Changes t o  inc rease  e f f i c i e n c y  

(a) Time has  been rep laced  by b e t a  as the  independent v a r i a b l e  

of t he  i n t e g r a t i o n .  Beta is  def ined  by the  fo l lowing  equat ion:  

2 2 - 0  / a = e  

where a i s  the  semi-major axis of t he  o r b i t  and 8 is the  incrementa l  

e c c e n t r i c  anomaly. This change a l l o w s  Kepler ' s  equa t ion  s o l u t i o n  t o  be 

obta ined  wi thout  i t e r a t i o n ,  and i t  allows a more f avorab le  s t e p  s i z e  t o  be 

chosen f o r  t h e  numerical  i n t e g r a t i o n .  

(b) The ephemeris r o u t i n e  was modified t o  p l a c e  a l l  necessary  

ephemeris d a t a  i n  c o r e  a t  the  same t i m e .  This e l i m i n a t e s  t ape  manipula t ion  

du r ing  the  computation of a t r a j e c t o r y  but  r e s t r i c t s  t he  program t o  computers 

of a t  l e a s t  65K words of c o r e  s torage .  

(c) The i n t e g r a t o r  has been changed from s i n g l e  s t e p  t o  mul t i -  

l i n e  i n t e g r a t i o n .  A t a b l e  of 25 po in t s  i s  used. The va lue  of t h i s  is: 

(i) The number of Runge-Kutta s t e p s  necessary  f o r  s t a r t i n g  

i s  reduced. This allows s t a r t i n g  of the s i x t h  o r d e r  i n t e g r a t i o n  i n  about  one- 



t h i r d  of the  t i m e  p rev ious ly  required.  

( i i )  Updating of thc  t a b l e  is more e f f i c i e n t  s i n c e  i t  is  only 

r equ i r ed  once every  18 s t e p s  ins tead  of every  s t e p .  

( i i i )  P l en ty  of po in ts  are a v a i l a b l e  f o r  i n t e r p o l a t i o n  i f  va lues  

are d e s i r e d  which a re  n o t  contained e x a c t l y  i n  the t a b l e .  

( i v )  E d i t i n g  of the  t a b l e s  i s  more e f f i c i e n t .  

(d) Three modes of i n t e g r a t i o n  ( a l l  s i x t h  o r d e r )  have been 

included.  These are: 

(i) Backwlrds d i f f e rence  p r e d i c t o r  only.  

(ii) Backwards d i f f e rence  p r e d i c t o r  w i t h  a c e n t r a l  d i f f e r e n c e  

c o r r e c t o r .  

( i i i )  I terat ive c e n t r a l  d i f f e r e n c e  c o r r e c t o r .  

Two modes of s t a r t i n g  are included: 

(i) 4 t o  1 Runge-Kutta and backward d i f f e r e n c e  p r e d i c t o r .  

( i i )  I t e r a t i v e  c e n t r a l  d i f f e r e n c e  c o r r e c t o r  

These modes a l low any i n t e g r a t i o n  accuracy i n  the  least  amount of 

computer t i m e .  

The s t a t u s  of t h i s  vers ion  of the ITEM program can be summarized as 

fol lows:  the  programming i s  e s s e n t i a l l y  completed bu t  needs checking and 

exercise. Severa l  t r a j e c t o r i e s  from Gordon 1 were checked us ing  the  7044 

ver s ion  of I T E M .  
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111. SOLAR ELECTRIC MISSION ANALYSIS 

The main e f f o r t  i n  mission a n a l y s i s  du r ing  the  per iod  1 January 

t o  31 March 1967 has been the s tudy  of the J u p i t e r  f l y b y  mission. The 

t r a j e c t o r i e s  computed optimized power l e v e l ,  j e t  v e l o c i t y  and hyperbol ic  

excess  v e l o c i t y  (C ) as w e l l  as the  t h r u s t  program. T r a j e c t o r i e s  computer 

w e r e  open ang le  (assuming Ea r th  and J u p i t e r  t o  be i n  c i r c u l a r  o r b i t s )  wi th  

f l i g h t  times i n  t h e  range 500-900 days. (Optimum i n  t h i s  c o n t e x t  means 

maximum payload o r  n e t  mass.) Vehicle c h a r a c t e r i s t i c s  used w e r e  p re sc r ibed  

by JPL. 

mass d = 30 kg/kw . 

3 

A l l  t r a j e c t o r i e s ' t h u s  f a r  have been run  w i t h  powerplant s p e c i f i c  

One of t h e  more i n t e r e s t i n g  r e s u l t s  of t h i s  s tudy  was the  i d e n t i -  

f i c a t i o n  of t h r e e  d i f f e r e n t  modes over t he  range of f l i g h t  t i m e s  i n v e s t i g a t e d ,  

Mode 1, shown i n  FIGURE 4 ,  is a d i r e c t  f l i g h t  w i t h  t h r u s t  always a c t i n g  i n  

the gene ra l  d i r e c t i o n  of t h e  v e l o c i t y  and energy always inc reas ing .  Travel 

a n g l e s  f o r  t h i s  mode are t y p i c a l l y  four  r ad ians .  Mode 2 ,  shown i n  FIGURE 5 ,  

r e q u i r e s  an  i n i t i a l  r e t r o - t h r u s t  thus dec reas ing  energy and a l lowing  the  

s p a c e c r a f t  t o  f a l l  i n  toward the  Sun. A t  t he  p e r i h e l i o n  of t h i s  t r a j e c t o r y ,  

where power i s  maximum, t h e  t h r u s t  d i r e c t i o n  has swung around and i s  now 

suppor t ing  t h e  motion and t h e  spacec ra f t  energy is  inc reas ing .  Travel a n g l e s  

f o r  t h i s  mode are t y p i c a l l y  s i x  r ad ians .  Mode 3, shown i n  FIGURE 6 ,  has  t h r e e  

d i f f e r e n t  phases where the  t h r u s t  a l t e r n a t e l y  suppor t s ,  opposes and a g a i n  

suppor t s the  motion and the  energy i s  cor respondingly  inc reased ,  decreased ,  and 

increased .  These t r a j e c t o r i e s  a r e  t y p i c a l l y  e i g h t  r ad ians .  

The p r i n c i p a l  r e s u l t ,  a p l o t  of payload vs  travel t i m e ,  i s  shown 

i n  FIGURE 7 .  For s h o r t  t r a v e l  t i m e s ,  Mode 1 is  the  b e s t ;  whereas, f o r  longer  
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FLIGHT TIME 630 DAYS 

TRAVEL ANGLE 3.25 RRD. 
UJ=3236 1.7 M/SEC, C3= 16,09 KMqW2./SEC/SEC 
ALPHA=. 027, ETR=, SUO1 

NET MASS=196.5 YG 
FIGURE 4 
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FLIGHT TIME 600 DAYS 
TRAVEL ANGLE 5.65 RAD. 
UJ=3390%29 M/SEC 
C3=6.16 KMNXVSEC/SEC 
Pk=131.52 KG 

FIGURE 5 
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ORBITOF JUPITER 

FLIGHT TIME 900 DAYS 
TRAVEL ANGLE 8.525 RAD. 
U J=L) 1776.88 W S E C  

C3=2.19 K M ~ W 6 E C ~ ~ 2  
. PLz353.53 KG 

FIGURE 6 
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t r i p  times Mode 3 is  b e s t .  For the p a r t i c u l a r  v e h i c l e  c h a r a c t e r i s t i c s  used, 

the c rossove r  p o i n t  i s  about 870 days. Mode 2 i s  never  optimum (except 

l o c a l l y ) .  FIGURES 8, 9 and 10 show f u r t h e r  d e t a i l s  on Modes 1, 2 ,  and 3 ,  

r e s p e c t i v e l y :  power, hyperbol ic  excess v e l o c i t y  and j e t  v e l o c i t y  a r e  p l o t t e d  

ve r sus  t r i p  t i m e .  FIGURE 11 shows a t y p i c a l  (600 day) Mode 1 t r a j e c t o r y  

p r o f i l e  ( s ee  FIGURE 4 ) ;  s i m i l a r l y ,  FIGURE 12 shows a p r o f i l e  f o r  900 day 

Mode 3 t r a j e c t o r y  ( see  FIGURE 6 ) .  

Fur the r  work remains t o  be done i n  de te rmining  the s e n s i t i v i t y  

of payload t o  off-optimum'choices of parameters ( V J ,  power, VH) and t o  

advances i n  technology (decreas ing  (4 , i nc reas ing  e'ff i c i e n c y  7 ) . 
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APPENDIX A: A- 1 

PRINCE TOR UNIVERSITY 
Department of Aerospace and Mechanical Sciences 

AS of 1 February 1967 

AEROSPACE SYSTEMS and MISSION LVALYSIS RESEARCH (ASMAR) PROGRAM 

Pe rsonne 1 List 

Adminis t ra t ive  

Space f l igh t  
T r a  i e c t o r y  
Analysis  

R e  s e a r c h  

Aerospace 
Sys  terns 
Analysis  

Research 
a 

I n t e r p l a n e  tary-Plane tary 
Miss ion  

Research 

J. P. Layton, Research Leader 
F. A l l i s o n ,  Senior  P r o j e c t  S e c r e t a r y  

( , P r o j e c t  S e c r e t a r y  
L. B. Jas, Jr. Draftsman 

P. M. Lion, A s s t .  Prof.  (Ass t .  Res. Ldr.) 
A. B. Shulzycki,  Programmer 
G. A. Hazeirigg, Grad Student  (PhD Cand) 
J. P. Pe l t ie r ,  Grad Student  (MSE Cand) 
M: Minkoff, Grad Fellow (MSE Cand) 
R. A. Ph i l ip s ,  undergraduate  Student  ' 6 7  

J. P. Layton, Senior  Research Engineer 
R. Vichnevetsky, V i s i t i n g  Research S c i e n t i s t  
M. J. 
C. Fa 
M. J. 

J. P o  
P. M. 
J. H. 
A. E. 
A. B. 
G. A. 
J. E. 
E. J. 
T. E. 

Flynn, Undergraduate Student  '67 
Kalmbach, Undergraduate Student  '68 
Boyle, Undergraduate S tudent  '69 

Layton, Senior  Research Engineer  
Lion, A s s t .  Prof.  ( A s s t .  R e s ,  Ldr.) 
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